Surface plasmon-polaritons (SPPs) in a multilayer structure consisting of a metallic film and one or more layers of nanocrystal (NC) quantum dots (QDs) are studied theoretically. It is shown that there is a resonance coupling between the plasmon-polaritons propagating along the metal/NC-layer interface and excitons confined in the dots, which produces a considerable effect on the optical properties of the structure unless the dispersion of the QD size is too large. Using a transfer matrix formalism, multilayer structures consisting of NC composite and metallic films are considered and it is demonstrated that the coupling extends over several layers constituting the structure. It can be explored in order to selectively excite QDs of different size by making a layer-by layer assembled NC planar structure and using an attenuated total reflection (ATR) configuration for the SPP-enhanced excitation of the dots. In particular, it opens the possibility to control the relative intensity of light of different color, emitted by the QDs of different size.
Introduction
Semiconductor quantum dots (QDs), often referred to as "artificial atoms", have discrete energy levels that can be tuned by changing the QD size and shape. The existence of zero-dimensional states in QDs has been proved by high spectrally and spatially resolved photoluminescence (PL) spectroscopy. 1, 2 During the last decade, efforts have been concentrated on the studies of single QDs, 3 on one hand, and the development of new nanostructures using QDs as building blocks or combining them with traditional materials, 4, 5 on the other hand. In the limit of large numbers of QDs, colloidal semiconductor nanocrystals (NCs) provide a promising route towards large-scale nanoassemblies. 5, 6 With such artificial materials, exploiting the tunable optical properties of QDs, a number of devices such as light emitting diodes, 7 photodetectors 8 and photovoltaic cells 9 have been demonstrated.
In QD assemblies, the question of coupling and coherence between the dots naturally arises.
Unlike single atoms, no two QDs are exactly the same and the energy levels fluctuate from dot to dot. If these fluctuations are large, no collective excitations should be possible. Even though electronic excitations can, in principle, delocalize over multiple dots with a sufficiently uniform size, it requires a considerable probability of electron tunneling across the interface and a high degree of structural order in the QD assembly, conditions that are difficult to achieve. 6 In fact, electrical conductivity of ensembles of nanocrystal QDs is low, thermal-activated and probably mediated by a thermal-assisted hopping mechanism. 10 However, coupling between QDs can occur through a long-range electromagnetic interaction leading to the processes of energy transfer without charge transport. It requires resonance between the optical transitions in different QDs that can be separated by distances much larger than their size. Such processes have been proposed as mechanisms for the formation of extended coherent exciton states in regular arrays (superstructures) of QDs, 11, 12 unidirectional energy transfer in size-gradient layered NC assemblies 6, 13 and PL up-conversion in diluted QD ensembles. 14 Colloidal chemistry techniques have proved the ability to synthesize high quality NCs with very uniform size, which can be varied in the range of 2-10 nm. 5 The size uniformity is important for the electromagnetic coupling between QDs. With these NCs, a broad variety of nanostructures can be prepared, in particular, multilayer structures of QDs of different average size, deposited on different substrates. 5 Combining such structures with other materials, such as organic dielectrics, 15 epitaxial quantum well heterostructures, 16 patterned metallic surface, 17, 18 graphene, 19 or even biological molecules, 20 can result in new interesting physics and applications related to the energy transfer from photoexcited NCs to these materials or vice versa.
Recent experiments 21 demonstrated the possibility of strong coupling between excitons confined in NC quantum dots and surface plasmon-polaritons (SPPs) propagating along the interface of a silver film and the QD layer deposited on top of it. The observation was achieved by measuring attenuated total reflection (ATR) spectra of the structure. In this work we develop the theory of the observed effect taking into account the QD size dispersion. We will show that the resonant SPP coupling to excitons confined in QDs can be considerable unless the dispersion of the QD size is too large or the dots are too far from the metal/dielectric interface. The resonant coupling can be used for controllable pumping the dots in order to explore their incomparable luminescence properties. 5 Based on the calculated results, we will discuss possible applications of the ATR structures containing, beyond the silver film, several layers of NCs of different average size.
The paper is organized as follows. First, we introduce the complex dielectric function for a composite medium containing semiconductor NCs and exemplify it for the case of CdSe QDs embedded in PMMA. Next, we obtain and illustrate the SPP dispersion relations and, finally, present and discuss the calculated results for the reflectivity of ATR structures containing several QD and metallic layers arranged in a number of different ways.
Dielectric function of a composite material containing quantum dots
A single QD can be described by a bare electronic susceptibility that takes into account inter-band transitions 1 :
where the sum runs over confined exciton states with energies E i (i = 0 denotes exciton vacuum), d cv is the transition dipole moment matrix element between valence and conduction bands of the underlying semiconductor material, V is the QD volume and
with g i and Ψ
(i) ex (r e , r h ) denoting the degeneracy factor and the wavefunction of the corresponding exciton states.
The quantity
can be regarded as a QD dielectric function, where ε ∞ s is the high-frequency dielectric constant of the QD material. However, it can be more convenient to define the QD polarizability (assuming spherical shape of the dot),
where a is the QD radius and ε h is the dielectric constant of the host material. Using these quantities (2,3), one can calculate an effective dielectric function, ε * , of the composite material containing uniform size QDs embedded in the host matrix using one of the following schemes:
(i) Maxwell-Garnett approximation (MGA) valid in the low QD concentration limit, 22
where N is the number of particles per unit volume;
(ii) Bruggemann mean field approximation (BA), 23
where f = 4π 3 Na 3 is the volume fraction of QDs. BA is valid when f ∼ 0.5. MGA can be extended up to f ∼ 0.1 using a renormalized polarizability which takes into account the dipole-dipole interactions between QDs as explained in Ref. 24 The modified MGA (MMGA) proposed in Refs. 24, 25 allows for taking into account the QD radius dispersion. Let F(a) denote the radius distribution function. The renormalized polarizability, α , can be calculated by the following equations,
where α(a) is the polarizability of a QD of radius a. For uniform-size QDs Eqs. (6) and (7) reduce
whereα = α/a 3 . α replaces α in Eq. (4) [notice that for small QD volume fraction f we get
Using the mean-field idea of the absence of scattering "on average" in a composite where its constituents are present in comparable fractions, 26 we can generalize BA by taking into account the QD radius dispersion. Thus, we introduce the modified BA (MBA) for ε * through the following equation,
The case of CdSe spherical QDs
Within the simplest model neglecting the Coulomb interaction between the electron and hole (strong confinement limit) and multiple sub-band structure of the valence band, the QD exciton spectrum is given by 27
where E g is the band gap energy (=1.75 eV for CdSe), µ is the electron-hole reduced mass and
. . are the roots of the spherical Bessel functions. Within this model,
The dipole moment matrix element can be expressed as
where m 0 is the free electron mass and 2p 2 cv /m 0 ≈20 eV. 29 We take ε h = 1.5 for PMMA matrix and assume a Gaussian distribution of the QD radius, 
SPP's at metal/NC-layer interface
In order to demonstrate the involved physics, we shall first discuss the dispersion relation for surface plasmon-polaritons 31 in a simplified structure. Let us consider an electromagneic wave in the vicinity of a plane interface between two semi-infinite media, a metal and a QD/dielectric composite, and assume that the wave is p−polarized. We choose x axis along the direction of propagation of the electromagnetic wave within the interface plane and z axis perpendicular to the interface. Assuming electromagnetic field's time and x-coordinate dependence to be of the form exp (ikx − iωt) (where k and ω are the wavenumber and frequency, respectively), we can write down the SPP dispersion relation in the form: 32, 33 ε
where
is the Drude-type dielectric function of the metal. Eq. (10) can be solved for the wavenumber k, yielding
The amplitude of the electromagnetic wave decays exponentially at both sides of the interface,
The frequency dependence of the real and imaginary parts of k for an Ag/QD-PMMA interface As known, SPPs can be probed in the ATR geometry schematically shown in Fig. 3 . The system consists of a prism, an Ag film 3 , and a semi-infinite layer of CdSe QD-PMMA composites.
Qualitatively the mechanism of SPP's excitation can be expressed in the following manner. The frequency and the x-projection of the wavevector of an external electromagnetic wave, connected by the relation known as "ATR scanline",
should match ω and Re(k) of the surface polaritons. 31 In Eq.(12) ε g is the dielectric constant of the prism and θ is the angle of incidence. In other words, the ATR scanline should intersect the SPP dispersion curve given by Eq.(11) in the case of a single interface. The matching is achieved by adjusting ω and/or θ and is detected by measuring the reflectance, R, which shows characteristic dips corresponding to the resonant transfer of the electromagnetic energy into SPPs.
The reflectivity of the structure depicted in Fig. 3 can be obtained using the transfer matrix formalism (see Supporting Information for details). The SPP properties, qualitatively similar to those outlined above for the simplified structure containing just two semi-infinite media, determine the features of the ATR reflectivity spectra of the system. The minima in the ATR spectra shown Results and discussion At the same time, the intensity of the SPP-exciton interaction becomes lower. For example, in the case of Fig. 4(d) the resonance is hardly distinguishable (as confirmed also by Fig.4(f) , where the positions of resonant minima are shown explicitly).
In the vicinity of the resonant angle (θ ≈ 42.5 o in Fig. 4(b) and θ ≈ 39 o in Fig. 4(e) ) the dependence R(ω) exhibits two minima with approximately equal depth, while for other angles of incidence one of the minima is significantly deeper than the other [see Fig. 4(b,e) ]. This is characteristic of mode anticrossing and corresponds to the experimental observation of Ref. 21 The positions of these minima (i.e., the angles of incidence, θ min , at which the reflectance reaches its minimum, R min , for a given frequency) are depicted in Fig. 4 Nevertheless, choosing an appropriate composite layer thickness, one can achieve SPP coupling to QD excitons localized in the composite layer which is not adjacent to the metallic film.
The ATR minima correspond to some particular values of ω and θ for which the energy of the incident electromagnetic wave is most efficiently transferred to SPP and, consequently, to the QD excitons. This is shown in Figs Finally, we considered several other types of potentially interesting sandwich-type structures containing two or three interfaces between silver and CdSe QD-PMMA composite (see Supporting Information, Fig. S2 ) and also periodic sequences of metallic and composite layers, i.e. "superlattices" (Fig. 6) . For the former, the calculated reflectivity spectra contain (at different θ for a given frequency) two or three minima, respectively, as it might be expected. There is a rather complex "bunching" of modes in the vicinity of the excitonic resonance. The tendency holds for "superlattices" (SLs) of alternating NC composite and metal layers. In order to explain the properties of the ATR structures containing a SL, in Fig. 6(a) we depict the dispersion curves of SPPs in SLs with layer's parameters identical to those of Figs. S2(a, b) . The SPP spectrum of an infinite SL can be 
Conclusion
In summary, we have shown that the resonant coupling between the plasmon-polaritons propagating along the metal/NC-layer interface and the excitons confined in chemically synthesized semiconductor NCs, experimentally observed in Ref., 21 are nicely described theoretically using the appropriate effective dielectric function for the NC composite layer and the standard multilayer optics. The SPP-exciton interaction produces a considerable effect on the optical properties of the structure if the dispersion of the NC size in the composite layer is not too large. In particular, it can be used for obtaining the metal-enhanced fluorescence of QDs. 17 Moreover, we have shown that combining several composite layers with appropriately sized quantum dots and/or more than one metallic films can result in interesting interactions between the various SPP and exciton modes. Owing to these interactions, the energy of an incident electromagnetic wave can be distributed, by means of surface plasmons, between the different QD species, as it has been suggested for molecules adsorbed on a metallic surface. 36 It can provide the possibility to control the relative intensity of pumping of the QDs of different sizes layer-by-layer assembled into a planar structure.
Also, it can lead to the coupling of slightly detuned excitons localized in different layers. 35 In a hypothetical structure containing a (silver/CdSe QD -PMMA composite) superlattice, the coupled SPP-exciton modes are expected to form Bloch bands leading to broad resonances in the ATR spectra. It would be interesting to study this effect experimentally. , f, h) Reflectivity R versus angle of incidence θ , and frequency ω for the ATR structure with a glass prism (ε g = 2.9584), a silver film of thickness d = 53.3 nm, and a semiinfinite composite medium. The composite dielectric function was calculated for average QD radiusā = 3 nm using MMGA with filling factor f = 0.1, and ∆ a = 0 (panels a, b), ∆ a = 0.005ā (panels c, d), and ∆ a = 0.1ā (panels e, f) or MBA with filling factor f = 0.3 and ∆ a = 0.1ā (panels g, h). 
